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ABSTRACT: The Chajnantor plateau is located in the Atacama Desert at over 4800 m above sea level. The plateau features
a large fraction of days during the year where dry and stable atmospheric conditions predominate. The suitability of the type
of astronomy observations routinely made at sites across the Chajnantor region at different times of the year depends on the
variability of atmospheric water vapour.

In this work, we study seasonal and intraseasonal variability associated with periods of large and low precipitable water
vapour (PWYV) in the Chajnantor region over 32years. We establish large-scale conditions favourable for above- and
below-normal PWV for each of the four seasons. We also explore whether intraseasonal PWV variations are related to the
Madden—Julian Oscillation (MJO). Below-normal PWYV in winter, spring, and autumn seasons was found associated with
mostly zonal 500-hPa winds, which advect drier than normal air from the anticyclone over the eastern portions of the southeast
(SE) Pacific Ocean. In summer, periods with below-normal PWV were found to have anomalously south-westerly winds at
mid-levels, also indicating transport of anomalously dry air from the stable SE Pacific. In winter, spring, and autumn seasons,
above-normal PWYV was generally associated with north-westerly mid-tropospheric wind anomalies, indicating advection of
above-normal PWV from the subtropical and tropical regions of the SE Pacific Ocean. Above-normal PWV conditions in
summer were associated with nearly calm winds at 500 hPa. Months and phases of the MJO for the most extreme anomalies of
PWYV for each season agreed well with the seasonal anomalies. Furthermore, three independent reanalysis data sets generally
agreed on MJO phases associated with largest positive and negative PWV anomalies. This agreement provides evidence for
the first time that the MJO modulates the PWV content over the Atacama Desert.
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1. Introduction on the sea surface. Warm and dry air aloft due to adiabatic
compression and cold and moist air in the marine boundary
layer generates a thermal inversion that is usually capped
by stratus clouds (Bretherton et al., 2004; Comstock et al.,
2005; Hannay et al., 2009). These dry and stable condi-
tions inhibit deep convective development over the ocean
and, in conjunction with steep mountains slopes along the
coast, prevent the flow of humid air from the ocean to the
continent (Rutllant ez al., 2003).

The Chajnantor plateau is located in the Atacama Desert
at over 4800 m above sea level, centred about 20 km from
the Bolivia border and 80 km from the Argentina border
(Figure 1). The plateau features a large fraction of days
during the year where dry and stable atmospheric condi-
tions predominate (Giovanelli et al., 2001; Peterson et al.,
2003; Radford, 2011; Marin et al., 2015; Rondanelli et al.,
2015). For this reason, a number of telescopes that oper-
ate at the submillimetre and millimetre range have been
installed there [e.g. the Atacama Large Millimeter Array
(ALMA; Brown et al., 2004, located at 23.03°S/67.75°W)

The Atacama Desert in northern Chile is an extremely
arid place that has been labelled as the driest desert on
Earth, with even Mars-like soil aridity (Navarro-Gonzalez
etal., 2003). It covers approximately 1000km in the
north—south direction (17°-25°S) and is bounded by the
Andes Cordillera to the east and the Pacific Ocean to the
west. The arid climate of the Atacama Desert is attributable
to two factors. First, the Andes Cordillera to the east blocks
the transport of humid air from the interior of the continent
(Lenters and Cook, 1995; Rutllant et al., 2003; Insel et al.,
2010). Second, the permanent subtropical southeast (SE)
Pacific anticyclone is maintained by slow adiabatic subsi-
dence from the downward branch of the Hadley cell (Rod-
well and Hoskins, 2001). This SE Pacific anticyclone cir-
culation induces southerly winds along the coast of Chile,
causing the advection of colder waters from the south and
the upwelling of deeper cold waters due to the wind stress
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and the Atacama Pathfinder Experiment (APEX; Giisten
et al., 2006)]. The dry conditions in this region offer one
of the best atmospheric transparencies. For example, the
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Figure 1. Seasonal mean climatology of 500-hPa height (coloured lines; in m) and winds (arrows) for 1979-2010. Maximum height (H) and
representative streamlines (dark black line) for the Chajnantor region (red square) have been annotated in each season. [Colour figure can be viewed
at wileyonlinelibrary.com].

ALMA telescope is equipped to observe at frequencies
above 600 GHz when the precipitable water vapour (PWV)
is below 1 mm. On the other hand, the atmosphere is suffi-
ciently transparent below 380 GHz for PWV values below
2mm and operations are feasible at frequencies below
300 GHz for PWV <5 mm (Sarazin et al., 2013). At high
altitudes and dry conditions, such as those of the Chajnan-
tor plateau, the suitability of observations at different times
of the year depends on the variability of atmospheric water
vapour (Giovanelli et al., 2001; Peterson et al., 2003; Rad-
ford, 2011; Tremblin et al., 2012).

The annual variation of PWV in the Chajnantor region
is controlled by the large-scale atmospheric circulation.
Middle- and upper-tropospheric westerly winds predom-
inate from May to October (Figure 1) and are linked to
the northward displacement of the subtropical westerly
jet stream, which brings dry mid-troposphere air to the
region, favouring clear skies and stable atmospheric con-
ditions. The circulation anomalies during these months are
mainly due to transient midlatitude disturbances embed-
ded in the mean westerly flow (Garreaud et al., 2003; Gar-
reaud, 2009), which seems to be related to short periods
of above-normal PWYV values (Marin et al., 2013, 2015).
In summer months (December—February), low-latitude
easterly winds extend southward associated with a west-
ward and southward displacement of the mean anticyclone
(Figure 1), reaching latitudes poleward of 20°S, and these
winds are associated with thunderstorm formation (Gar-
reaud, 2009). Low PWV values predominate during win-
ter and spring months from May to October (which is
the best period for submillimetre observations), whereas
larger values are mainly found during summer months of
December to February (Figure 2). Despite these studies
of circulation variability, to our knowledge, there are no
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Figure 2. Monthly mean PWYV in mm at the APEX site in the Chilean
Atacama Desert averaged over the period 1979-2010 and the 25th and
75th percentiles used to select periods of low and high PWV. PWV
values were taken from the nearest CFSR grid-point to the APEX site
and are for the period 1979-2010. [Colour figure can be viewed at
wileyonlinelibrary.com].

studies that have comprehensively examined the synoptic
patterns associated with the seasonal variations of PWV
over the Chajnantor region. Furthermore, the intraseasonal
variability of PWV has not yet received attention, despite
studies showing intraseasonal variability of circulation and
precipitation in Chile (Jones and Carvalho, 2002; Carvalho
et al., 2004; Barrett et al., 2012a).

As the leading mode of atmospheric intraseasonal vari-
ability, the Madden—Julian Oscillation (MJO; Madden
and Julian, 1971, 1972) is seen as a coherent circula-
tion anomaly favouring deep convection and associated
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heavy precipitation that moves to the east around the
Tropics with a periodicity of 30—60days. The convec-
tively active region typically extends to 10000 km, and is
bounded on the east and west by regions of suppressed
convection and sparse precipitation (Madden and Julian,
1994). A number of studies have shown the interaction of
convective heating like that of the MJO with the extrat-
ropics (Hoskins and Karoly, 1981; Mechoso ef al., 1991;
Berbery et al., 1992), and Hoskins and Karoly (1981) and
Sardeshmukh and Hoskins (1988) found that this heat-
ing modulates extratropical Rossby wave activity. The
MJQO’s influence thus extends to South America, where
it affects the large-scale circulation. Barrett ef al. (2012a)
found winter-season 500-hPa height anomalies as large as
50 m, depending on the phase of the MJO. These anoma-
lies were found responsible for observed precipitation
anomalies, including statistically significant anomalies
over the high-elevation regions of northern Chile. In addi-
tion, Barrett ef al. (2012b) found that maximum daily
lower-troposphere O, concentrations in Santiago (33°S),
as well as its diurnal cycle, are also affected by the MJO
through its modification of large-scale atmospheric cir-
culation features. Julia et al. (2012) found a relationship
between the precipitation in north-central Chile and the
MJO, although their study was more limited and they
found a high rate of false alarms. Given its effects on South
American atmospheric circulation, it is likely that the MJO
also modulates the PWV variability over the Chajnantor
region. National and regional forecast centres currently
produce operational ensemble predictions of the phase and
amplitude of the MJO (Rashid ez al., 2011; Wang, 2011),
thus increasing the usefulness of statistical studies such
as this one in the arena of intraseasonal prediction. The
hypothesis that PWV would vary by active MJO phase was
tested in this study.

The main objectives of this paper were (1) to study the
synoptic patterns associated with periods of large and low
PWYV in the Chajnantor region over 32 years, and (2) to
test whether intraseasonal PWV variations are related to
the phase of the MJO. The remainder of this article is
organized as follows: Section 2 describes the observations
and reanalysis data used in this study and the methodolo-
gies used to select periods of low and high PWV and to
relate the MJO phases to the PWV. Section 3 presents the
results of the seasonal and intraseasonal PWV analysis,
and a discussion of results and conclusions are presented in
Section 4.

2. Data and methodology

2.1. The APEX radiometer

The APEX is a radio telescope located in the Chajnan-
tor plateau (23.006°S, 67.759°W). This telescope is an
ALMA prototype antenna designed to work at submillime-
tre wavelengths. There is a low humidity and temperature
profiling (LHATPRO) microwave radiometer (Rose et al.,
2005) installed at APEX that was developed by Radiome-
ter Physics GmbH. It takes measurements at 183.31 GHz,
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the frequency of the strong 3, ; > 2, ; emission line from
H,O (Pardo et al., 1996). The humidity instrument has
been shown to perform very well in low-PWYV environ-
ments (e.g. Ricaud et al., 2010), making it a good candi-
date to sample PWYV for telescope sites (e.g. Kerber et al.,
2014). The PWYV data from the APEX radiometer is used
in this study to show the validity of the reanalysis data over
the Chajnantor region, and the remainder of the analysis of
this article is then based on the reanalysis data.

2.2. The CFSR, ERA-Interim, and JRA-55 reanalyses

The primary reanalysis tool used in this study, the Climate
Forecast System Reanalysis (CFSR, Saha et al., 2010),
is a global reanalysis created by the National Centers for
Environmental Prediction (NCEP). It covers the period
1979-2010; after that, a second version was created to
cover from 2011 until present. The 500-hPa geopotential
height, the 500-hPa wind components, and the PWV from
CFSR data at 0.5° X 0.5° horizontal resolution every 6h
were used in this study for the period January 1979 to
December 2010 (32 years). To use CFSR PWYV to analyse
synoptic patterns associated with periods of high and low
PWYV over the Chajnantor plateau from 1979 to 2010,
the first step was to confirm that PWV from the CFSR
represented reasonably well the observations over the
region. PWV observations from the APEX radiometer are
available from May 2006 until present. Thus, we com-
pared the PWV from the CFSR data with observations
from May 2006 to December 2010. The PWV from the
CFSR was chosen at the nearest grid-point to the APEX
site (67.5°W, 23°S), located a distance of about 26.5 km
from the observatory and at an elevation of 4651 m.
PWV was also examined in two other high-quality
atmospheric reanalysis data sets, the European Cen-
ter for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-Interim; Dee ef al., 2011) and
the Japanese 55-year reanalysis (JRA-55; Kobayashi
et al., 2015). The nearest ERA-Interim grid-point to the
observatory was located at 67.5°W, 23°S at an elevation
of 4265 m, while the nearest JRA-55 grid-point was at
67.5°W, 22.7°S at an elevation of 4561 m.

During the year, PWV increases during the austral sum-
mer months and it decreases during winter and spring
months (Figure 2). Daily mean PWV from the CFSR
reanalysis represented this observed daily mean PWV
evolution over the validation period reasonably well. For
example, Figure 3 shows that CFSR mainly overestimated
observations for PWV values above 2 mm. The mean bias
[calculated as Y (PWV pgg — PWV zppy)/n] for this PWV
range was +0.93 mm. Below 2 mm, the mean bias was
+0.2 mm, indicating that CFSR also overestimated PWV
at low values. CFSR showed a larger scatter in summer and
larger overestimation of observations (Figure 3(a)). The
linear correlation between CFSR and APEX observations
was 0.8 in those seasons, supporting the use of CFSR in
this study to account for the PWV seasonal and intrasea-
sonal variations in the Chajnantor region. During winter,
the 72 of the fitted regression line increased to 0.79 and
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Figure 3. Scatter plot of daily mean PWYV from the APEX radiometer and the CFSR grid-point closest to the APEX site, from May 2006 to December
2010, for (a) summer, (b) fall, (c) winter, and (d) spring. The r and linear CC is given for data shown in each panel.

the linear correlation between CFSR and APEX increased
to 0.9, showing that the correlation was better during this
season when there are fewer large PWV values. Sometimes
CFSR represented the observed PWV value very well, but
most of the time, it overestimated it, primarily during sum-
mer. However, during winter, when the PWV is typically
low, the agreement between CFSR and APEX is the best
as will be discussed below.

To further examine the relationship between CFSR
reanalysis and observed APEX PWYV, monthly values of
mean bias, root mean square error (RMSE), and correla-
tion coefficient (CC) between the APEX radiometer and
CFSR were calculated for the period when both data sets
were available (May 2006 to December 2010; Figure 4).
The monthly mean bias and RMSE ranged from 1.5 to
2.5mm in summer but decreased to below 0.5 mm from
May to October. Figures 2 and 3 indicate that CFSR over-
estimated PWV when it increases during summer months,
but for low PWYV values, which typically occur from fall to
spring, the absolute error and bias decreased. These differ-
ences could be due to both differences between elevation
between the CFSR grid-point and the APEX observatory
and also the size of CFSR grid (at 0.5° spacing, the grid
is approximately 50 km x 50 km). Nevertheless, the CFSR
was strongly linearly correlated with the observations, with
CCs between 0.75 and 0.85 most of the year, except March
and December, when CCs decreased to 0.62 and 0.73,
respectively (Figure 4).

Since the Chajnantor plateau is located over 4800 m
above sea level, circulation and height on the 500-hPa
pressure surface were composited to study both the
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Figure 4. Monthly mean PWYV from the APEX radiometer, and monthly

mean bias, RMSE and CC between APEX observations and the CFSR

reanalysis, all for the period May 2006 to December 2010. [Colour figure
can be viewed at wileyonlinelibrary.com].

middle-atmosphere synoptic patterns associated with peri-
ods of low and high PWYV in the region and the anomalous
synoptic patterns associated with different phases of the
MJO. To select days with high and low PWV in the
Chajnantor plateau, we used the PWV from the CFSR
grid-point nearest to the APEX site. The PWV was also
used to calculate monthly mean PWYV values, which were
then used to examine the annual cycle (Figure 2). For each
season, times when the averaged PWV was larger than
the 75th percentile, and times when the averaged PWV
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was less than the 25th percentile, were classified as high
and low PWV episodes, respectively, for that season. As
Figure 2 shows, the 25th and 75th percentiles increased
during summer months compared to the other months,
justifying their use instead of fixed threshold values over
the year to select periods of low and high PWYV values.
Days with PWV above the 75th percentile, and days with
PWYV below the 25th percentile, were then used to calcu-
late composite means of the synoptic-scale environment
for high and low PWV episodes, respectively. Finally,
both 500- and 250-hPa height and wind fields were
composited for those same days to analyse the synoptic
patterns associated with periods of high and low PWV
over the Chajnantor plateau. Since the results at mid- and
upper-troposphere (500 and 250 hPa, respectively) were
similar, only the variability at 500 hPa is presented here.

2.3. Method to diagnose the MJO

Daily averaged PWYV values from CFSR over the Chaj-
nantor plateau were sorted by active phase of the MJO
using the real-time multivariate MJO (RMM) index of
Wheeler and Hendon (2004) with interannual variability
removed. Active MJO days were defined where RMM
amplitude was >1.0. Longitudinal bands corresponding
to regions of active tropical convection are represented
by eight MJO phases according to Wheeler and Hendon
(2004). Mean daily PWV values for each of the eight
RMM MJO phases were then calculated for each month,
for the period 1979-2010. Anomalous PWV values were
calculated by subtracting mean monthly PWV (for all days
in the month, regardless of MJO activity or phase) from
the daily mean PWV for each MJO phase. Percent values
of normal were then calculated by dividing each anomaly
value by the monthly mean. To identify and understand
physical mechanisms behind the most significant intrasea-
sonal variability at Chajnantor in each month, the MJO
phases associated with the largest positive and negative
PWYV anomalies were selected. Furthermore, to narrow the
focus to the most extreme events, as those are of most
interest to the ALMA and APEX operations, only the
largest positive and negative months for each season were
selected for further study. For those selected months, com-
posite anomalies of CFSR 500-hPa height, 500-hPa u- and
v-wind components, and PWV were calculated for each
active MJO phase. Those anomalies were calculated by
subtracting monthly mean values of all days from monthly
mean values for only that active MJO phase, following
the methodology of Barrett et al. (2012a, 2012b). To test
PWYV anomalies of each phase for statistical significance,
they were compared to monthly means and standard devi-
ations. Using the Student’s #-test, anomalies that were sig-
nificant at the 90% confidence interval (p-value of 0.10)
were retained.

2.4. The MJO as an aid to predict PWV

Perhaps the most useful application of the results in this
study to PWV forecasting is the ability to identify pos-
sible episodes of below- and above-normal PWV beyond
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the typical skill of a numerical weather prediction (NWP)
model (5-7 days; Bauer et al., 2015). The MJO is one
of the sources of extratropical variability, manifested as
a modulation of atmospheric Rossby waves (Madden and
Julian, 1994; Cassou, 2008), including in the Southern
Hemisphere (Barrett et al., 2012a, 2012b; Flatau and Kim,
2013; Fauchereau et al., 2016). As PWYV variability in the
Chajnantor region is related to atmospheric circulation and
Rossby wave activity (Falvey and Garreaud, 2005), link-
ing PWV to the MJO may extend PWYV predictability and
be useful to operational scheduling at the site, particu-
larly given that forecasts of PWV from the Global Fore-
cast System (GFS) model drop below skill (correlation)
of 0.7 after about 120h (Sarazin et al., 2013). The MJO
has shown statistically significant predictability in global
NWP models well beyond 120h. For example, predic-
tion skill of the RMM indices of approximately 21 days
(Kim et al., 2014) was found in the Climate Forecast Sys-
tem version 2 (CFSv2), of 3—4 weeks (Xiang et al., 2015)
in the Geophysical Fluid Dynamics Laboratory (GFDL)
model, of 27 days (Miyakawa et al., 2014) in the Nonhy-
drostatic Icosahedral Atmospheric Model (NICAM), and
of 16—17 days (Wu et al., 2016) in an ensemble of the
Beijing Climate Center Atmospheric General Circulation
Model. All of these studies suggest that the tropical MJO
can act as an effective bridge into subseasonal prediction
of extratropical atmospheric events (Jones, 2015), includ-
ing PWV amounts in the Chajnantor region. The Aus-
tralian Bureau of Meteorology maintains a web page with
real-time analysis of the current state of the MJO, includ-
ing current phase and amplitude of the Wheeler and Hen-
don (2004) RMM index (http://www.bom.gov.au/climate/
mjo/), where observatory staff can check the current status
of the MJO.

3. Results

3.1.
PWV

Figure 5(a) shows the spatial distribution of mean PWYV,
geopotential height and wind fields at 500 hPa, averaged
over the period 1979-2010 during the austral summer,
for times when PWYV < 25th percentile. Figure 5(c) shows
the spatial distribution of anomalies from the long-term
monthly mean (over the 1979-2010 period) of PWYV,
geopotential height and wind fields at 500 hPa, for summer
months when PWV < 25th percentile. Low PWYV episodes
were found to occur in austral summer under the influence
of anomalously strong 500-hPa south-westerly winds asso-
ciated with a stronger than average cyclonic anomaly in
the geopotential height, centred at about 32°S, 62°W, over
northern Argentina (Figure 5(c)). The anomalous cyclonic
circulation is the result of stronger westerly winds between
20° and 30°S and weaker westerly winds between 35°
and 45°S. Negative PWV anomalies predominate over a
large part of the continent and over the SE Pacific. These
are stronger over the Chajnantor region (3—5 mm below
normal), and extend over a NW—SE oriented strip. On

Seasonal variability during periods of low and high

Int. J. Climatol. (2017)


http://www.bom.gov.au/climate/mjo/
http://www.bom.gov.au/climate/mjo/

J. C. MARIN AND B. S. BARRETT

Latitude

Latitude

Longitude

Longitude

Figure 5. Mean PWV (in mm; colour shaded) and the geopotential height (in m, solid lines) and wind vectors at 500 hPa averaged over summer

months (December to February) from 1979 to 2010 for (a) times when PWV < 25th percentile and (b) times when PWV > 75th percentile. PWV

(in mm, colour shaded), geopotential height (negative values in dashed starting at —1 m and positive values in solid starting at 1 m, every 8 m) and

wind vector anomalies at 500 hPa compared to the monthly mean (over the 1979-2010 period) during summer months for (c) times when PWV

< 25th percentile and (d) times when PWV > 75th percentile. The black star shows the location of the APEX site. [Colour figure can be viewed at
wileyonlinelibrary.com].

the contrary, days with PWV above the 75th percentile
in summer (Figures 5(b) and (d)) are characterized by
a NW-SE stripe of positive PWV anomalies that cov-
ers the Chajnantor plateau, where the highest PWV val-
ues (3—5mm) above normal are shown (Figure 5(d)).
These times show an anomalous anticyclonic circulation
centred around 35°S, 60°W, which is the result of nearly
calm winds at 500 hPa (seen as easterly wind anomalies
in Figure 5(d)) over the continent between 15° and 30°S
(Figure 1). This weaker mid-troposphere flow likely results
in less transport of dry air from the subtropical SE Pacific
anticyclone, a pattern identified by Vuille (1999) as favour-
ing a southward-displaced Bolivian anticyclone and wetter
conditions in the region.

Autumn months (March through May) also show the
NW-SE stripe of negative PWV anomalies extending
from the northern part of Chile and the adjacent oceans
to the northern part of Argentina and over the Chajnan-
tor region during days with PWV below the 25th per-
centile (Figure 6(c)). Zonal (westerly) flow (Figure 6(a))
with a small southerly component over northern Chile
at 500 hPa is seen during periods of low PWYV, and this
flow is seen as anomalous southerly winds that result from
anomalous anticyclonic and cyclonic circulations whose
centres are located at the western and eastern edges of
the continent, respectively (Figure 6(c)). The 500 hPa neg-
ative height anomalies associated with the cyclonic cir-
culation are smaller this season than in summer. These
features may advect drier air to the region from the SSW
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(Figure 6(a)). Autumn days with PWV above the 75th per-
centile over Chajnantor show the reverse synoptic pattern
(Figures 6(b) and (d)). A NW—SE oriented stripe of pos-
itive PWV anomalies extends from Uruguay to the south-
ern part of Peru and the adjacent ocean (3—5 mm above
normal), covering the Chajnantor plateau. Anomalous
500-hPa cyclonic and anticyclonic circulations located
in the Pacific and Atlantic oceans, respectively, result in
mean troughing approximately 500 km west of Chile and
north-westerly 500-hPa flow over most of northern Chile
(Figure 6(c)). These anomalous features during periods of
high PWV in autumn months likely advect higher PWV air
to the region from lower-latitude tropical SE Pacific Ocean
(Figure 6(b)).

Winter and spring months show the same features
described for the autumn season but with different magni-
tudes for the anomalies and slightly different locations for
the circulation centres (Figures 7(a)—(d) and 8(a)—(d)).
In both seasons, a NW-SE strip of negative (positive)
anomalies extending from the northern part of Argentina
to the southern part of Peru and the adjacent Pacific
Ocean is seen during periods of low (high) PWV at the
Chajnantor plateau. Driving these anomalies in PWV are
anomalous ridging over northern Chile and troughing
over eastern Argentina and Uruguay for the case of low
PWYV, and anomalous troughing over northern Chile and
anomalous ridging over eastern Argentina and Uruguay
for the case of high PWV. These height anomaly dipoles
are associated with zonal flow (Figures 7(a) and 8(a))
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Figure 6. Same as Figure 5, but for austral fall months (March to May). [Colour figure can be viewed at wileyonlinelibrary.com].

at 500hPa for days with low PWV or north-westerly
flow (Figures 7(b) and 8(b)) at 500 hPa for days with
high PWV.

3.2.  PWV intraseasonal variability over the Chajnantor
region

Mean daily anomalies of PWV from the CFSR were cal-
culated for each active phase of the MJO (Figure 9(a))
and were expressed as percentage departures from the
long-term (1979-2010) mean. Several important patterns
emerged. First, despite a pronounced annual cycle in PWV
where mean daily PWV in summer (3—6 mm) was more
than double the mean daily PWV in winter (1-2mm)
(Figure 2), percent departures from normal for each month
were mostly constant. For example, in all months of the
year, the most negative departures from normal (indicated
by diamonds in Figure 9(a)) ranged from 10 to 20% below
normal. Similarly, the most positive departures from nor-
mal (indicated by circles in Figure 9(a)) mostly ranged
from 15 to 30%, although in August, PWV was more than
45% above normal on days when the MJO was in phase
7, and in December, PWV was more than 35% above nor-
mal on days when the MJO was in phase 1 (Figure 9(a)).
Second, several phases emerged as being most important
to PWV variability in the region. For example, phase 7 was
repeatedly found associated with the largest above-normal
PWYV values in 5 months, and phase 1 was most often asso-
ciated with below-normal PWYV values, also in 5 months
(Table 1).

Anomalies of PWV in the JRA-55 (Figure 9(b)) and
ERA-Interim (Figure 9(c)) data sets, which are indepen-
dent of the CFSR, strongly supported the PWV anoma-
lies from the CFSR data set. In 7 months (January to
June and August), all three data sets agreed on the phases
with the greatest positive PWV anomaly (Table 1). In the
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other 5 months (February, April, and October to Decem-
ber), two of the three data sets agreed on the phases with
the highest PWV (Figures 9(a)—(c)). Furthermore, in 5
months (February, April, and October to December), all
three data sets agreed on the phases with the largest nega-
tive PWV anomaly. In the other 7 months, two of the three
data sets agreed on the phases with the largest negative
PWYV anomaly. From an operational perspective, this result
means that confidence in the observed PWV anomalies by
MJO phase is highest in months with agreement between
all three reanalyses. Those phases are indicated by bold
text in Table 1.

In general, phases 6—8 were most associated with largest
positive mean PWV and phases 1-3 with largest neg-
ative mean PWV (Figure 9(a)). This relationship, with
high phases leading low phases, is a result of the cyclic
nature of the MJO, whereby the convective and circula-
tion anomalies of the oscillation progress eastward (Zhang,
2005). The extratropical atmosphere responds to these
convective anomalies with Rossby waves (Sardeshmukh
and Hoskins, 1988; Zhang, 2013), and the atmospheric
circulation anomalies produced by these Rossby waves
are the physical mechanism for the observed intraseasonal
PWYV variability. In the next section, we examine com-
posite anomalies of PWV and 500-hPa height and circu-
lation for the MJO phases associated with largest, and the
smallest, PWV anomalies in each season. Synoptic-scale
anomaly patterns in those phases are then compared to the
seasonal mean circulation patterns presented in Figures 5
and 8 for days with high and low PWYV, respectively.

3.2.1. Summer

In December, days when the MJO was in phase 2
(anomalous convection over the Indian Ocean) were
associated with the most negative PWYV anomalies
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Figure 7. Same as Figure 5, but for austral winter months (June to August). [Colour figure can be viewed at wileyonlinelibrary.com].
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Figure 8. Same as Figure 5, but for austral spring months (September to November). [Colour figure can be viewed at wileyonlinelibrary.com].

(=0.8mm, or 16.6% below the 1979-2010 December
mean) (Figures 10(a) and (c)). On the synoptic scale,
negative anomalies of PWV were mostly confined to
over and to the south of the APEX site. Negative height
anomalies at 500 hPa were seen over much of the SE
Pacific Ocean, southern cone of South America, and
southwest Atlantic Ocean, while positive 500-hPa height
anomalies were seen west of Peru. Mean flow at 500 hPa
during December phase 2 was zonal (Figure 10(a)) and
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stronger than normal (Figure 10(c)), suggesting advec-
tion of drier mid-troposphere air from the subtropical
SE Pacific Ocean. This pattern of height and circulation
anomalies for December phase 2 indicates that the physi-
cal mechanism by which the MJO modulated PWV during
December phase 2 was via a strengthening of the zonal
flow to the west of the Chajnantor region. This synoptic
pattern also resembled the pattern for summer days with
below-normal PWV (Figures 5(a) and (c)).
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Table 1. MJO phases with highest and lowest PWV anomalies
by month. Data from CFSR point closest to the APEX site,
1979-2010. High PWYV phases indicated by circles in Figure 9(a)
and low PWYV phases by diamonds in Figure 9(a). Bold lettering
indicates unanimous agreement between CFSR, ERA-Interim,
and JRA-55 reanalyses. Italics lettering indicates agreement

between two of the three reanalyses.

Month High PWYV phase Low PWYV phase
January Phase 7 Phase 1
February Phase 7 Phase 1
March Phase 2 Phase 3
April Phase 2 Phase 8
May Phase 6 Phase 1
June Phase 7 Phase 1
July Phase 8 Phase 2
August Phase 7 Phase 2
September Phase 6 Phase 1
October Phase 5 Phase 3
November Phase 7 Phase 5
December Phase 1 Phase 2
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Figure 9. Mean monthly PWV anomalies (expressed as a percent of
monthly mean values) for each active MJO phase for (a) CFSR, (b)
JRA-55, and (c) ERA-Interim reanalyses. The two most important
anomalies for each month are indicated by enlarged symbols: the largest
positive anomaly for each month is indicated by a large circle and the
largest negative anomaly for each month is indicated by a large dia-
mond. All PWYV data are for the respective grid points closest to the
Chajnantor observatory from 1979 to 2010. [Colour figure can be viewed
at wileyonlinelibrary.com].

December days when the MJO was in phase 1 (anoma-
lous convection over Africa) were associated with the
largest positive PWV anomalies in summer (+1.6 mm,
or 34.3% above the 1979-2010 December mean).
Synoptic-scale positive PWV anomalies were mostly
confined to the Chajnantor region (Figure 10(d)). Positive
height anomalies at 500 hPa were seen over a region from
the Pacific Ocean west of north-central Chile east into the
southwest Atlantic Ocean, while over and west of southern
Chile, 500-hPa heights were below normal (Figure 10(d)).
This resulted in seasonally typically weak flow speeds
at 500 hPa over northern Chile (Figures 10(b) and (d)),
similar to the summer pattern on days with PWV above
the 75th percentile (Figures 5(b) and (d)). Physically, a
stronger and southward-displaced Bolivian High, as seen
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in Figure 10(d), is associated with wetter conditions over
the altiplano systems (Vuille, 1999).

3.2.2. Autumn

In autumn, March days in phase 3 (anomalous convec-
tion over the Indian Ocean) featured the strongest neg-
ative PWV anomalies (—1.0mm, or 19.1% below the
1979-2010 March mean). Synoptic-scale negative PWV
anomalies were seen over the Chajnantor region and north-
west into the tropical SE Pacific Ocean (Figure 11(c)).
Below-normal 500-hPa heights were located over much of
southern South America, including the Chajnantor region,
while above-normal heights were located over the Pacific
Ocean to the west. This height pattern resulted in offshore
500-hPa flow over the Pacific Ocean near 10°S, 80°W, and
this offshore flow reduced PWYV over and to the north-
west of the Chajnantor region, combined with zonal west-
erly flow near 25°S, resulted in reduced PWYV values over
and to the west of the Chajnantor region during March
phase 3.

Days in May phase 6 (anomalous convection over the
western Pacific) were associated with strongest positive
PWYV anomalies in autumn (4+0.6 mm, or 25.1% above
the 1979-2010 May mean) (Figures 11(b) and (d)).
Positive PWV anomalies extended from the observatory
site northward and eastward (Figure 11(d)), physically
the result of a mean 500-hPa height field that showed
troughing immediately west of Chile (Figure 11(b))
and negative height anomalies over central and north-
ern Chile (Figure 11(d)). This height field resulted in
stronger and anomalous 500-hPa flow from the northwest
that advected higher PWV air to the southeast to the
Chajnantor region. This flow pattern strongly resem-
bles the composite fields (Figure 6(b)) and anomalies
(Figure 6(d)) for autumn days with PWV above the 75th
percentile.
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Figure 10. Daily composite means (a and b) and anomalies (departures from the monthly mean; ¢ and d) of precipitable water (in mm; colour shaded),

500 hPa height (in m, solid and dashed lines indicate positive and negative anomalies, respectively, with 15-m contour interval), and 500 hPa wind

for December phase 2 (a and ¢) and December phase 1 (b and d). All data are from the CFSR reanalysis over the period 1979-2010. Precipitable
water anomalies are statistically significant at the 90% confidence level. [Colour figure can be viewed at wileyonlinelibrary.com].
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Figure 11. As in Figure 10, but for March phase 3 (a and ¢) and May phase 6 (b and d). [Colour figure can be viewed at wileyonlinelibrary.com].

3.2.3. Winter

In winter, days in July phase 2 (anomalous convec-
tion over the Indian Ocean) were associated with the
strongest negative PWV anomalies over the Chajnantor
region (—0.3 mm, or 14.8% below the 1979-2010 July
mean). Negative PWV anomalies were confined for phase
2 to a region immediately adjacent to the observatory
site (Figure 12(c)). Mean 500 heights were zonal dur-
ing July phase 2 (Figure 12(a)), with negative height
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anomalies seen over much of Chile and adjacent Pacific
Ocean waters (Figure 12(c)). Flow at 500 hPa in response
to these height anomalies was anomalously strong from the
west (Figure 12(c)), indicating the physical mechanism for
low PWYV during phase 2 in July was through advection of
lower PWYV air from the west.

Days in August phase 7 (anomalous convection over the
western Pacific) were associated with strongest positive
PWV anomalies over the Chajnantor region in winter
(+0.9 mm, or 46.5% above the 19792010 August mean).
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Figure 12. As in Figure 10, but for July phase 2 (a and c¢) and August phase 7 (b and d). [Colour figure can be viewed at wileyonlinelibrary.com].

This percent anomaly was also the largest for any month
(Figure 9). During phase 7, positive PWV anomalies were
located over a region including most of northern Chile
and southern Peru (Figure 12(d)). These positive PWV
anomalies were the result of mean 500-hPa troughing to
the west of Chile and ridging over the southern SE Pacific
Ocean (Figure 12(b)), resulting in mean north-westerly
500-hPa flow over the Chajnantor region. This mean
north-westerly flow transported higher PWV air from the
tropical SE Pacific to the ALMA and APEX observatory
sites. These height and circulation anomalies during
August phase 7 resembled mean height and circulation
patterns and anomalies for days with PWV above the 75th
percentile (Figures 7(b) and (d)).

3.2.4. Spring

In spring, October days in phase 3 (anomalous convec-
tion over the Indian Ocean) were associated with strongest
negative PWV anomalies in autumn over the Chajnantor
region (—0.4 mm, or 15.7% below the 1979-2010 Octo-
ber mean). During phase 3, regions of negative PWV
anomalies were located from central Peru south into
northern Argentina and Chile (Figure 13(c)), and these
PWYV anomalies were likely the result of reduced advec-
tion of PWV from the subtropical SE Pacific Ocean in
response to 500-hPa ridging over and west of northern
Chile (Figures 13(a) and (c)). Flow anomalies over the
Chajnantor region were weakly southerly (Figure 13(c)),
similar to the circulation patterns (Figure 8(a)) and anoma-
lies (Figure 8(c)) for autumn days with PWV below the
25th percentile.

Days in November phase 7 (anomalous convection over
the western Pacific) were associated with the strongest
positive PWV anomalies over the Chajnantor region in
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spring (+0.7 mm, or 24.0% above the 1979-2010 Novem-
ber mean). Positive PWV anomalies were seen from
Chajnantor south into central Chile (Figure 13(d)), phys-
ically the result of mean ridging over Argentina and
weak troughing west of Chile that yielded anomalously
strong west—northwest flow over the Chajnantor region
(Figure 13(b)). This anomalous west-north-westerly flow
would transport anomalously high PWV air from the SE
Pacific to the Chajnantor region, similar to the mean flow
and anomaly patterns seen on spring days with PWV above
the 75th percentile (Figures 8(b) and (d)).

4. Conclusions and discussion

Precipitable water content in the Chajnantor region of
northern Chile, including at the ALMA and APEX tele-
scope sites, was found to have pronounced annual vari-
ability. Summer-season PWV values were highest, ranging
from 3.5 to 6 mm in CFSR, and winter-season PWYV val-
ues were lowest, ranging from 1 to 1.5 mm in CFSR. Mean
atmospheric circulation anomalies also exhibited signifi-
cant annual variability. Several distinct patterns emerged
to explain this seasonal variability of PWV, with three
seasons (autumn, winter, and spring) behaving similar
to each other and different from summer. Specifically,
in autumn, winter, and spring, anomalous 500-hPa ridg-
ing to the west of northern Chile and 500-hPa troughing
to the east of northern Chile, accompanied by anoma-
lous southerly 500-hPa circulation, forced mostly zonal
500-hPa flow over northern Chile. This zonal flow trans-
ported dry air eastward from the subtropical SE Pacific
Ocean anticyclone to the Chajnantor region. When the
height and circulation patterns reversed in autumn, win-
ter, and spring, anomalous troughing west of northern

Int. J. Climatol. (2017)


wileyonlinelibrary.com

J. C. MARIN AND B. S. BARRETT

-40

Oct Phase 3
PWV -0.4mm -15.7%
—=

Figure 13. As in Figure 10, but for October phase 3 (a and c) and November phase 7 (b and d). [Colour figure can be viewed at wileyonlinelibrary
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and central Chile and anomalous ridging over Argentina
were seen, accompanying anomalous north-westerly flow
at 500 hPa and higher PWV values in a stripe along the
Peruvian and northern Chilean coasts. This anomalous
north-westerly flow acts to transport high PWV air from
the tropical and subtropical SE Pacific Ocean southeast-
ward to the Chajnantor region.

In summer (DJF), a different synoptic pattern emerged.
For days with PWV below the 25th percentile, mean
500-hPa troughing was seen over central Chile and
Argentina and mean ridging over northern Chile and Peru,
resulting in a dry 500-hPa circulation from the southwest.
For summer days with PWV above the 75th percentile,
height and circulation patterns reversed periods, and
positive 500-hPa height anomalies were seen over central
Chile and Argentina and negative height anomalies west of
Peru. This resulted in weak, to nearly calm, mean flow at
500 hPa, a synoptic pattern Vuille (1999) associated with
above-normal precipitation and a southward-displaced
Bolivian anticyclone.

Anomalies of PWV were also examined by MJO phase
for each month. Anomalies >15% above and below
monthly normal values were commonly seen in three
independent reanalysis data sets. To focus on the analysis
by season, composite mean and anomalies of 500-hPa
heights and circulation were analysed for the MJO phases
that featured the largest positive, and the largest negative,
PWV anomalies for each season in the CFSR data. In
general, phases 6—8 were most associated with largest
positive mean PWV and phases 1-3 with largest negative
mean PWV. Strongest agreement between three different
reanalyses was found for above-normal PWYV in January
to June and August, while strongest agreement was found
for below-normal PWYV in February, April, and October
to December. Because of that agreement, confidence in
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the MJO modulation of PWV is highest in those months.
It is also important to note that anomalous convection in
the Indian Ocean (phases 2 and 3) was associated with the
most negative CFSR PWYV anomalies over the Chajnantor
region in every season. Similarly, anomalous convection
in the western Pacific Ocean (phases 6 and 7) or Africa
(phase 1) was associated with the most positive PWV
anomalies in every season. This suggests that telescope
operations can expect better conditions (lower PWV)
when MJO is active in the Indian Ocean and poorer condi-
tions (higher PWV) when MJO convection is active in the
western Pacific. It also means that near neutral conditions
might be expected in summer, autumn, and winter when
MJO convection is over the Maritime Continent (phases 4
and 5), as those two phases were not associated with any
monthly extremes during those seasons.
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